ABSTRACT At pH 5.0, the electrical potential (A', interior negative) across the plasma membrane of Staphylococcus aureus exhibits a minimum of -85 to -90 mV; the pH gradient (ApH, interior alkaline) across the membrane approximates a maximum of about -100 mV. Under these conditions, uptake of the aminoglycoside gentamicin is negligible, and viability of the organism is not impaired by the antibiotic. In contrast, at pH 7.5, at which At is about -130 mV and ApH is 0, gentamicin uptake is observed and the drug markedly decreases viability. Dramatically, when the ionophore nigericin is added at pH 5.0,.gentamicin uptake is induced, there is a striding decrease in viability, and. the effect is associated with an increase inAl' at the expense ofApH. Consistently, valinomycin, which dissipates A' in the presence ofpotassium, abolishes gentamicin uptake andkilling. In addition, from pH 5.0 to pH 7.5, there is a direct relationship between the magnitude ofAl and both gentamicin.uptake and its bactericidal effect. However, a threshold A' of -75 to -90 mV is apparently necessary to initiate uptake and killing. These observations provide a strong indication that Al plays a critical role in the uptake and antibacterial action of gentamicin and. suggest that nigericinlike ionophores may be clinically useful in synergy with aminoglycosides.
The aminoglycoside antibiotics (e.g., streptomycin and gentamicin) are transported across the bacterial cytoplasmic membrane prior to inhibition ofprotein synthesis, and there appears to be an association between antibiotic susceptibility and the rate and magnitude of drug accumulation (1-6, f). Although aminoglycoside uptake as described in Escherichia coli (1) (2) (3) (4) (5) and Staphylococcus aureus (6, f) is a complex phenomenon, the lethal effect of these antibiotics is associated with an aminoglycoside-induced accelerated phase of uptake. Mutations affecting ribosomal binding (4, 7, ), the bacterial respiratory chain, and the H+-ATPase (5) all abolish this rapid uptake phase. In addition, strains that produce plasmid-mediated aminoglycosidemodifying enzymes (8, 9) also exhibit defective drug accumulation.
According to the chemiosmotic hypothesis (10, 11) , proton extrusion during respiration or ATP hydrolysis leads to the generation of a transmembrane electrochemical gradient of hydrogen ions (Aj!H+)l that is the immediate driving force for many biological processes, and recent studies (6, h) suggest that A/.H+ may be important for aminoglycoside uptake. The proton electrochemical gradient is composed ofelectrical and chemical parameters according to the following relationship: AjiH+ = AT-ZApH [1] in which AT represents the electrical potential across the plasma membrane and ApH is the transmembrane difference in H' concentration (Z is equal to 58.8 at room temperature).
With regard to active transport, the chemiosmotic hypothesis predicts that transport is driven by AT (interior negative) for cationic substrates, by ApH (interior alkaline) for anionic substrates, and by A-gH+ for neutral substrates. A stratagem has been developed (12, 13) for studying these interrelationships.
Because ASH+ appears to be involved in aminoglycoside uptake and killing (6, h ) and these antibiotics are cationic, a detailed study of the relationship between. aminoglycoside uptake and the components of ASH+ is clearly relevant. The results presented here provide strong evidence that At is critical for gentamicin uptake and its bactericidal action.
METHODS
Growth and Preparation ofCells. S. aureus 86W is a clinical isolate from Montefiore Hospital and Medical Center (6) . Cells were grown in nutrient broth with 0.1% yeast extract (NBYE; Difco) overnight at 37C. Cells used in filtration assays were diluted in the same liquid medium to an approximate concentration of 104 colony-forming units/ml (cfu/ml). Cells used for -flow dialysis were centrifuged at 31,800 x g for 20 min, washed three times in 0.05 M potassium phosphate at a given pH, and resuspended to an appropriate protein concentration.
Viability Assays. Bacterial growth was monitored by measuring optical density with a Coleman spectrophotometer (model 6-20/A) at 600 nm. Viable cells were determined by the standard pour plate technique in heart infusion agar (Difco) (14) .
Transport Assays. Filtration assays were carried out-on cells in the logarithmic phase of growth as described (6) , except that glass microfiber filters (Whatman GF/C) were used and the samples (2-5 ml) were washed twice with 3% sodium chloride. Flow dialysis was performed as described (15) , except that isotopically labeled solutes were.added to the upper chamber (final volume, 0.75 ml) and cells suspended in 0.05 M potassium phosphate at a given pH without magnesium sulfate (0.05 ml) were added after a constant rate of dialysis was achieved (16 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
Ionophores were added as indicated, and potassium phosphate (0.05 M) at the same pH as the upper chamber was pumped through the lower chamber at a rate of 6 ml/min with a Microperpex peristaltic pump (LKB). Fractions of about 2 ml were collected and assayed for radioactivity by liquid scintillation spectrometry.
Determination of ApH. ApH (interior alkaline) was determined by measuring the distribution of [4C]acetylsalicylic acid by flow dialysis as described (15, 16) . Data were quantitated by assuming that dialysis rates obtained after addition of carbonylcyanide m-chlorophenylhydrazone (CCCP) represent 0 ApH. Determination of At. At (interior negative) was determined by measuring the distribution of [3H]tetraphenylphosphonium (TPP+) by flow dialysis as described (15, 16) . Control experiments were performed from pH 5.0 to 7.5 to compare the magnitude of At in cells suspended in potassium phosphate or nutrient broth. Over this range of pH values, observed differences were <5 mV.
Calculations. Concentration gradients were calculated by using a value of 4.2 ,ulofintracellular fluid per mg of cell protein which was determined with [14C]inulin and 3H20 (17) . Internal pH was calculated as described (15) (7 mCi/mmol) was from New England Nuclear. Valinomycin and CCCP were obtained from CalBiochem. Gentamicin sulfate was purchased from Schering (potency, 588 ,ug/mg). Nigericin was a gift from J. Wesley (Hoffmann-La Roche). RESULTS The data shown in Fig. 1 were derived from gentamicin uptake and killing experiments with S. aureus 86W at pH 7.5 and pH 5.0. At pH 7.5, the sigmoid pattern typical of aminoglycoside uptake in bacteria (4, 6) was observed. A small amount of the antibiotic was immediately bound to the surface of the cells; subsequently, uptake proceeded relatively slowly for 1 to 2 min, increased rapidly between 5 and 10 min, and then decreased toward a constant value after 15-20 min. When cells were treated with the same concentration of gentamicin for 30 min, diluted, and plated, the number of viable cells decreased by a factor of <0.001 (i.e., from 108 to <10' cfu/ml). In contrast, when the same experiments are performed at pH 5.0, there was little gentamicin uptake above that bound to the cell surface, and the aminoglycoside had no significant effect on viability.
The ionophore nigericin catalyzes the transmembrane, electrically neutral exchange of H+ for K+ [and, to a lesser extent, Na+ (19) ], thereby collapsing ApH with a compensatory increase in AT under certain conditions (12) . When nigericin was added to S. aureus 86W at pH 5.0, dramatic increases in the rate and extent of gentamicin uptake were observed, and the effect was associated with an equally dramatic decrease in the viable cell count (Fig. 2) . The ionophore alone had no effect on viability at pH 5.0 and no effect on gentamicin uptake or killing at pH 7.5 (data not shown). Furthermore, flow dialysis studies [3H]Gentamicin (5 ,Ci/mg) was added to afinal concentration of5 ,ug/ ml and the incubations were continued at 37°C on a rotary shaker. At given times, 2.0-ml aliquots were removed and gentamicin uptake was assayed as described (6) . For viability assays, aliquots of each culture (0.4 ml) were removed immediately prior to addition of gentamicin and after 30-min incubation, diluted serially in isotonic saline, and plated as described (6) . o----o, pH 7.5; e----e, pH 5.0. (15, 16 showed that these changes correlate with known effects of nigericin on ApH and At. When nigericin was added to a suspension of S. aureus 86W that had reached equilibrium with
[I4C]acetylsalicylic acid, a permeant weak acid that distributes with ApH (15), the cells released the accumulated acid and the dialyzable concentration increased to the control level, reflecting collapse ofApH (Fig. 3A) . Conversely, when the ionophore was added to cells that were in equilibrium with [3H]TPP+, a lipophilic cation that distributes with AT (20) , the cells accumulated additional cation and the dialyzable concentration decreased, reflecting hyperpolarization (Fig. 3B) . Addition of CCCP at this point caused release of the probe, a finding that is consistent with the ability of the protonophore to collapse both components of AS:H+. In the presence of nigericin, ApH decreased from -101 mV to 0, whereas At increased from -88 mV to -105 mV (Table 1) . Because these alterations were not completely reciprocal, there was a moderate decrease in ASIH+ from -189 mV to -105 mV. Valinomycin is a cyclic dipsipeptide that specifically increases membrane permeability to K+ (19) ; in the presence of sufficient K+, valinomycin causes collapse of AT (12) . When this ionophore was added to S. aureus 86W at pH 6.8 in the presence of 50 or 100 mM K+, gentamicin uptake was completely abolished and the aminoglycoside exhibited no antibacterial activity (Fig. 4) . When K+ was not added, however, the ionophore had no significant effect on either parameter. Flow dialysis measurements with [3H]TPP+ demonstrated that addition of valinomycin and K+ under the same conditions led to complete collapse of AlT (data not shown).
As demonstrated previously (12, 16, (20) (21) (22) , ambient pH exerted a marked effect on the relative contributions of ApH and At to AlH+ (Fig. 5) . At pH 5.0, a maximum of about -100 mV was observed for ApH; it decreased slightly to approximately -90 mV at pH 5.5 and decreased more drastically to become negligible at pH 7.5. In contrast, At was approximately -85 mV at pH 5.0 and increased almost linearly with ambient pH to -130 mV at pH 7.5. As a result of these individual variations, ASH+ was -180 mV to -200 mV at pH 5.0 to 6.0 and decreased gradually to -130 mV at pH 7.5. When uptake of gentamicin was measured at 2 min over the same range ofpH values and correlated with AT, a linear function was obtained (Fig. 6 ). In addition, the data indicate that a relatively large AT (about -75 mV by extrapolation to the abscissa) is necessary before significant uptake of the aminoglycoside occurs. At pH 5.0, where At was about -90-mV, little gentamicin uptake was observed; as ambient pH increased to pH 7.5, uptake increased essentially linearly with At. Furthermore, the bactericidal effect of the aminoglycoside exhibited a similar relationship with At. At pH 5.0, 2-min incubation with gentamicin did not decrease cell viability at all despite the presence of a At of -90 mV. As external pH increased to pH 7.5, the bactericidal effect increased in a linear fashion with At such that the number of viable cells decreased by a factor of 0.001-0.002 (i.e., cfu/ml decreased by 102.5 to 103).
DISCUSSION
These results confirm previous observations (6, h) suggesting that gentamicin uptake and its antibacterial action are related to the magnitude of ASH+ across the bacterial cell membrane and demonstrate more specifically that At plays the critical role. At pH 5.0, where At is relatively low, gentamicin uptake and killing are negligible and nigericin, which increases At at the expense of ApH, causes a marked increase in uptake and killing. Conversely, valinomycin, an ionophore that collapses Atl under appropriate conditions, abolishes the uptake observed at more alkaline pH as well as the bactericidal effect of the aminoglycoside. The experiments also reveal a more subtle aspect of the relationship between At and gentamicin uptake and its bactericidal effect. At varies directly with external pH from pH 5.0 to pH 7.5, and gentamicin uptake and killing vary directly with ATI; however, the results suggest in addition that a threshold AT of -75 to -90 mV is required to initiate uptake and killing. Although the findings imply that a "gating" phenomenon may be involved at the level of aminoglycoside uptake, it is premature to speculate until it is certain that a threshold is observed when At is varied at a fixed external pH.
A number of additional lines of evidence support the contention that At is important for aminoglycoside uptake and its subsequent action. (i) Treatment of S. aureus with N,N'-dicyclohexylcarbodiimide induces gentamicin uptake at subinhibitory concentrations of the aminoglycoside (6) under conditions that increase At with no effect on ApH (ref. 23, i; unpublished data). This carbodiimide is a carboxyl reagent that reacts with acidic amino acid residues in the F. portion ofthe H+-ATPase, thereby decreasing the proton conductance of the membrane with resultant hyperpolarization (24) . (ii) In a similar vein, certain mutants of E. coli defective in the FO segment of the H+-ATPase are selected on the basis of hypersensitivity to aminoglycosides (25) . (iii) Recent observations (26) with E. coli demonstrate an excellent correlation between the minimal inhibitory concentration of streptomycin and the magnitude of At. (iv) It is well known that aminoglycosides exhibit neither uptake nor bactericidal activity under anaerobic conditions. We have found recently (unpublished data), however, that addition of nigericin to anaerobic S. aureus leads to a significant increase in At and, concomitantly, to initiation of gentamicin uptake and killing. Parenthetically, these experiments also suggest that the relationship between AT and gentamicin uptake and killing may be more complicated than appears superficially. Although At in anaerobic S. aureus is increased by nigericin to the same level as that observed under aerobic conditions, the degree of killing, albeit significant, is still less than that observed aerobically.
In any event, regardless of other considerations, it is important to point out that the synergistic effect of nigericin on the bactericidal action of gentamicin may have importance clinically. Some of the experimental conditions under which gentamicin is ineffectual parallel conditions in vivo during serious infections (i.e., acidic pH and anaerobiosis). Moreover, the aminoglycoside antibiotics as a class have a relatively low therapeutic/toxic ratio. Given the observations presented here, it would seem worthwhile to investigate this synergistic effect of nigericin and related ionophores in a more clinically relevant experimental system, particularly because the effective concentrations of nigericin used here are well below the toxic level for mice.
